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Purpose: The ultimate goal of aphasia therapy should be to achieve gains in function that generalize to untrained exemplars and daily conversation. Anomia is one of the most disabling features of aphasia. The predominantly lexical/semantic approaches used to treat anomia have low potential for generalization due to the orthogonality of semantic and phonologic representations; this has been borne out in a meta-analysis of treatment studies. The intensive, neurally distributed, phonologic therapy reported here can, in principle, generalize to untrained phonologic sequences because of extant regularities in phonologic sequence knowledge and should, in principle, generalize to production of words trained as well as those untrained.
Method: Twenty-six persons with chronic aphasia due to stroke were treated, in a staggered (immediate vs. delayed treatment) open trial design, with 60 hr of intensive, multimodal therapy designed to enhance access to and efficiency of phonemes and phonologic sequences. Results: There was an absolute increase of 5% in confrontation naming of "untrained" nouns at 3 months, and there were 9% to 10% increases on measures of generalization of phonologic processes. Conclusion: The results of this trial demonstrate generalization of training effects on laboratory measures, which were sustained at 3 months, and provide support for the theories that motivated the treatment.
A nomia, difficulty retrieving nouns, verbs, and other content words, is one of the most common and disabling aspects of aphasia. Anomia can be caused by damage to the perisylvian substrate for phonemes and phonologic sequence knowledge (Nadeau, 2001) ; damage to the substrate for meaning (semantics; Rogers, Ivanoiu, Patterson, & Hodges, 2006) , which includes association cortices throughout the dominant and, to a substantial extent, the nondominant hemisphere; or damage to long white matter connections linking association cortices to the dominant perisylvian region (Alexander, Hiltbrunner, & Fischer, 1989 )-the substrate for what is commonly understood as lexical knowledge. Most often it will be caused by all three.
Typical restitutive approaches to remediating anomia use tasks such as confrontation naming, repetition, orthographic and phonologic cueing, and picture matching using auditory or written words. The stimuli used in these treatments are usually real words (nouns or verbs). These traditional aphasia therapies have been shown to improve naming performance. However, generalization is typically limited; that is, the knowledge gained by the patient tends to be limited to the words actually trained, and there is, at best, modest improvement in naming performance with untrained words (Edmonds, Nadeau, & Kiran, 2009; McNeil et al., 1997; Nickels, 2002) . The effectiveness of these treatment approaches has been assessed in a meta-analysis of 44 studies of word-finding treatment for individuals with aphasia who were more than 6 months poststroke. Treatment effects were seen for trained and exposed words (effect size [ES] = 2.66), with much less improvement for untrained words (ES = 0.44; Wisenburn & Mahoney, 2009 ). The ES for trained words declined only modestly over 3 months of follow-up, but the ES for "untrained" words fell sharply, leading to a global 3-month ES of 0.48. No treatment (semantic, phonologic, or mixed) clearly emerged as superior.
Ideally, the overarching goal of anomia therapy is to improve production of words that were trained in therapy, maintain these changes over time, and achieve sustained generalization to untrained words and daily conversation. The potential for generalization using current therapy techniques is bound to be modest unless the brain mechanisms underlying intrinsic generalization can be better engaged, enabling treatment to have a broader effect on lexical retrieval for all items, rather than just those that have been trained. Broad intrinsic generalization is a challenge for lexical therapies because their principal aim is to reestablish connections between semantic and phonologic substrates for single items, one item at a time. Because word meaning and word sound are substantially unrelated (with the exception of onomatopoeic words and derivational forms), there are few regularities underlying lexical knowledge, and learning to produce one word is unlikely to benefit production of another. Semantic therapies can achieve generalization by further capitalizing on regularities in semantic knowledge. For example, by taking advantage of the fact that animals share many features, training on some animals can facilitate verbalization of names of untrained animals. Knowledge of particular semantic domains might usefully be fleshed out in this way. However, it is difficult to develop semantic knowledge that spans the breadth of daily life one semantic domain at a time. New approaches that circumvent this domain limitation are being developed and show considerable promise (Edmonds & Babb, 2011; Silkes, Dierkes, & Kendall, 2012) . Thus, the generalizing possibilities of semantic therapies are only beginning to be explored.
The other major knowledge domain relevant to naming (phonology) also has extensive intrinsic regularities, enabling broad enhancement of phonologic knowledge by training a subset of phonemes and phonologic sequences. Furthermore, because all words in a language make use of the same phonologic sequence repertoire, phonologic therapy has the potential for broad generalization to all words. Every language uses a limited repertoire of phoneme sequences, reflected in such measures as biphone probabilities. Neural network simulations, particularly those using recurrent networks, have clearly shown the capacity for simple networks to acquire specific sequence knowledge (see Nadeau, 2012, for review) and are best exemplified in the work of Plaut, McClelland, Seidenberg, and Patterson (1996) . We have been developing and testing a phonologic sequencebased therapy, called phonomotor treatment, that is unprecedented in its systematicity and dose (Kendall, Conway, Rosenbek, & Gonzalez-Rothi, 2003; Kendall, Nadeau, et al., 2006; Kendall, Rodriguez, Rosenbek, Conway, & Gonzalez-Rothi, 2006; Kendall et al., 2008; Raymer, Haley, & Kendall, 2002) . We present here the results of our largest trial of the most refined version of this therapy.
The phonomotor treatment is inspired by a parallel distributed processing (PDP) model of lexical processing (Nadeau, 2001 (Nadeau, , 2012 Roth, Nadeau, Hollingsworth, Cimino-Knight, & Heilman, 2006 ; see
F1
Figure 1) and the Lindamood Phoneme Sequencing Program (Lindamood & Lindamood, 1998; see Kendall et al., 2008, for extensive overview) . In this PDP model-driven approach to treatment of phonologic dysfunction, we assume a diminished representation and processing of individual phonemes and phoneme sequences because of the loss of dominant perisylvian synapses caused by stroke, compensated to some extent by redundant but poorly developed phonologic sequence knowledge in the nondominant hemisphere. We also assume residual lexical semantic knowledge in one or both hemispheres that is instantiated in connections between association cortices (which support semantic representations; Forde & Humphreys, 1999; Nadeau, 2012; Warrington & McCarthy, 1987; Warrington & Shallice, 1984) and perisylvian cortices (which support phonologic sequence knowledge; Nadeau, 2001) .
The hypothesis motivating our treatment is that through intensive, neurally distributed, multimodal (auditory, motor, orthographic, tactile-kinesthetic, and conceptual) training of phonemes and one-, two-and three-syllable real Each oval should be interpreted as a large number of units, each unit connected to every unit in each connected oval. Knowledge is represented as the strength of connections between units. Connectivity within the substrate for concept representations defines semantic knowledge. Connectivity within the perisylvian acoustic-articulatory motor pattern associator network defines phonologic sequence knowledge. Connectivity between the substrate for concept representations and the acoustic-articulatory motor pattern associator defines lexical knowledge (the phonologic output lexicon). Unit activity, defined as a nonlinear sigmoid function of input to a given unit, spreads along connections to other units. Given a particular input to any part of the model, activity spreads and unit activity auto-adjusts until the model settles into a state that is optimal given the strengths of the various inputs and connectivity patterns within the network (see Nadeau, 2001 Nadeau, , 2012 Roth et al., 2006) . The points of articulation of orthographic representations and this core model are approximate but capture the well-established existence of semantic and phonologic routes for reading aloud and provide an explanation for the potential role of orthographic input in phonomotor treatment. The aggregate model provides an explanation for how phonologic (acoustic) input, orthographic input, and conceptual input (e.g., "a lip popper," the patient's image in a mirror while producing a labial stop, a picture of a sagittal slice through the midline oropharynx during production of a labial stop) are brought to bear on phoneme and phonologic sequence knowledge. and nonword phoneme sequences, the neural connectivity supporting phoneme sequence knowledge can be enhanced. Because this distributed phonologic knowledge provides the basis for the articulatory forms of all words, enhancing it can be expected to improve naming of untrained words and discourse production. These hypotheses seem plausible because there is no evidence that brain damage of any type alters the fundamental principles of brain operation, which emerge from the organization of neural networks and neural systems. Also, the hypotheses are predicated upon the existence, in damaged form, of exactly the same networks that enabled these participants to acquire language in the first place. Phonomotor treatment was founded on these hypotheses, and we have shown that, when intensively delivered, confrontation naming performance on trained real words and nonwords improves. In addition, we have shown that there is generalization to naming of untrained words, some aspects of discourse production, and indicators of quality of life (Kendall et al., 2003; Kendall, Nadeau, et al., 2006; Kendall et al., 2008; Raymer, Haley, & Kendall, 2002) .
The objective of the current investigation was to continue the development of this Phase II phonomotor treatment protocol under the rubric of clinical phases of rehabilitation research (Robey, 2004) . More specifically, this study was designed to extend prior iterations of the treatment protocol and test a refined version in a relatively large group of persons with aphasia (PWA) who exhibited impairments of lexical/semantics and phonology resulting in anomia. In contrast to Kendall et al. (2008) , the current investigation used the following: (a) a random assignment to either immediate or delayed treatment groups to control for improvement of language abilities from passage of time and any improvement that may be related to exposure to the outcome measures, (b) a real word and nonword stimuli of low phonotactic probability and high neighborhood density to improve treatment efficiency, (c) a reduction of treatment dosage from 96 to 60 hr (on the basis of the existing unpublished data that treatment effects appeared to reach a plateau at 60 hr), and (d) a standardized impairment level measure of phonologic processes and measures of ecologic validity.
The purpose of introducing real words into the training program was to add top-down input from semantic representations to bottom-up input of phonologic sequences, thereby engaging Hebbian learning mechanisms to help to encode phonologic sequence knowledge in neural connectivity. We view this only as a potential adjuvant to the intensive phonologic sequence training that is the essential element of our phonomotor therapy. Absent sequence training, real word training becomes just lexical training, with its theoretical and empirical shortcomings, as discussed. Low phonotactic probability stimuli were used to capitalize on the use of atypical exemplars to facilitate generalization. Prior studies, also on the basis of a PDP model of lexical semantics (Plaut, 1996) , have shown that treatment of atypical exemplars can improve performance with both typical and atypical exemplars, whereas treatment limited to typical exemplars benefits performance only with typical exemplars. This has been demonstrated in lexical semantic treatment of patients with anomia due to aphasia and in syntactic treatment of patients with agrammatism (Thompson, Shapiro, Kiran, & Sobecks, 2003) . The phenomenon is related to the fact that training of atypical exemplars directly benefits those items but also indirectly benefits typical exemplars that share some features. However, training of typical exemplars alone cannot capture the features that uniquely characterize atypical exemplars. Storkel, Armbrüster, and Hogan (2006) have provided empirical support for this concept with typical adults in the domain of phonology. We used phonemes and phoneme sequences with high neighborhood densities because we wanted to take maximum advantage of remnant connections between substrates for phonologic and semantic knowledge.
The difference between our treatment and other semantic-phonologic treatments is one of degree. Other semantic-phonologic treatments potentially strengthen phonologic sequence knowledge predominantly through induction of Hebbian learning within the phonologic sequence domain. Our treatment uses training of individual phonemes and phoneme sequences that is unprecedented in its systematicity and its dose. Further, unlike other phonologic treatments, the phonomotor treatment is based on the notion of distributed (auditory, articulatory, orthographic, visual) phonologic representations, which, when refined through training, improve phonologic awareness. Hebbian learning achieved through introduction of real words into the training algorithm and therefore serves only as an adjuvant to our core training procedures.
The primary outcome measure of this study was verbal confrontation naming of "untrained" nouns at 3 months after treatment termination. Our primary outcome measure, then, measured both generalization to untrained items and long-term retention of generalized knowledge gained in therapy. Secondary outcome measures assessed the following: (a) acquisition of trained items (confrontation naming of nouns and nonword repetition), (b) generalization to phonologic processes as measured by performance on the Standardized Assessment of Phonology in Aphasia (SAPA; Kendall et al., 2010) and untrained nonword repetition, (c) generalization to two measures of ecologic validity (self-report and caregiver report), and (d) maintenance of performance at 3 months on all measures.
Method

Study Design
The study design was a single group (n = 26) with repeated testing. All participants received the same treatment protocol (described in detail in the Appendix). In order to control for improvement in language function related to passage of time and for the effect of repeated exposure to outcome measures, individuals were randomly assigned to one of the two conditions: delayed treatment or immediate treatment (see F2 Figure 2 ). Participants who were randomized to the delayed group received repeated testing three times before and three times after a 6-week delay. During the delay phase, they were permitted to participate in usual speech-language care (e.g., conversation groups and individual therapy). Standardized assessments and outcome measures (described in detail below) were administered prior to the start of treatment (for both immediate and delayed groups), at the end of the delay phase (delayed group only), immediately after treatment termination, and at 3 months posttreatment.
Participants
Participants were recruited through the Veterans Affairs Medical Center Puget Sound and the University of Washington Aphasia Registry and Repository. Twenty-eight persons were recruited, all with chronic aphasia 6 or more months after left hemisphere damage due to a single stroke (documented by computed tomography or magnetic resonance imaging scan and/or report). To be included in the study, participants had to have demonstrated aphasia with anomia and impairment of phonology. Presence of aphasia was defined using the criteria of McNeil and Pratt (2001) , and severity was determined using the Western Aphasia Battery Aphasia Quotient (WAB-AQ; Kertesz, 1982) . Presence and severity of phonologic impairment were determined by performance on the SAPA (Kendall et al., 2010) . Severity of anomia was determined by performance on the Boston Naming Test (BNT; Kaplan, Goodglass, Weintraub, & Segal, 1983) . Testing was administered by certified speechlanguage pathologists (SLPs; first three authors of this article), who were trained in protocol administration.
Individuals were excluded if they exhibited severe apraxia of speech, which was determined by three SLPs using data from the evaluation. Apraxia of speech was defined by a slowed speaking rate (prolonged sounds and/or intersegment durations); distortions or distorted substitutions; and prosodic abnormalities during discourse production, repetition of words and nonwords, and naming tasks. Additional exclusion criteria included major depressive disorder or other psychiatric illness, degenerative neurologic disease, chronic medical illness, or severe and/or uncorrected impairment in vision or hearing.
Two individuals were excluded during the course of the trial. One individual exhibited significant unilateral upper motor neuron dysarthria that was found to preclude reliable scoring of the outcome measure data. The second person was excluded near completion of the treatment protocol after receiving a diagnosis of ongoing and undetected seizure activity. Of the 26 individuals who completed the treatment protocol, all returned for 3-month posttesting.
The 26 PWA were, on average, 56 years of age (SD = 15), had 16 years of education (SD = 3), and were-on average-48 months poststroke onset (SD = 53). There were 15 men and 11 women. Twenty-four individuals were monolingual English, and two were bilingual but proficient in English. During the screening process, bilingual participants were interviewed with respect to the age of acquisition of English and which language they used most at the time of stroke. Language preference was confirmed by an individual who had known the participant for more than 1 year prior to the stroke who agreed that (a) English was the preferred language and (b) English was the predominant language spoken by the participant at the time of the stroke (see T1 Table 1 ).
The group mean aphasia quotient on the WAB-AQ (Kertesz, 1982) was 78.67/100 (±16.5); mean score on the BNT (Kaplan et al., 1983) was 34/60 (±18); and mean score on the SAPA (Kendall et al., 2010) was 95.8/151 (±24.1).
Treatment Procedure
This study investigated how lexical retrieval abilities were influenced by an intensively delivered, explicit, multimodal (orthographic, auditory, articulatory-motor, tactile-kinesthetic, visual, and conceptual), phonologicbased treatment using phonemes in isolation and one-, two-, and three-syllable phoneme sequences in real word and nonword combinations. All participants received 60 hr of phonomotor treatment (1-hr treatment sessions, two consecutive sessions/day, 5 days/week for 6 weeks) provided by three certified research SLPs (first three authors of this article).
The research SLPs received training on the treatment protocol by the first author. Following training, they delivered 60 hr of treatment tasks across all treatment levels to an individual with aphasia under supervision by the first author. The first author observed both SLPs performing therapy to ensure that they demonstrated an adequate level of performance and that their treatment techniques were equivalent. To ensure treatment integrity across participants throughout the length of the study, the SLP administering treatment was randomly observed by one of the other two SLPs for approximately 10% of each participant's treatment program. The first author and research SLPs met weekly to review any issues related to treatment delivery and participant performance. The treatment program is outlined in detail in the Appendix.
Treatment Stimuli
The stimuli were comprised of phonemes in isolation and one-, two-, and three-syllable phoneme sequences in real and nonword combinations consisting of phonologic sequences of low phonotactic probability (PP) and high neighborhood density (ND). This approach was based on work by Storkel et al. (2006) in which they differentiated effects of phonotactic probability and neighborhood density on adult word learning in 32 normal controls. Their results indicated that rarer sound sequences (low PP) triggered learning more efficiently than more common sound sequences (high PP; consistent with the results of Plaut, 1996; Thompson et al., 2003) and high ND Eighty-three real words (42 trained and 41 untrained) and 145 nonwords (72 trained and 73 untrained) were created. Phonotactic probability was calculated using methods similar to those of Vitevitch and Luce (1999) . All nonwords were phonotactically legal in English. A web-based interface was used to calculate phonotactic probabilities for the real words and nonwords (Vitevitch & Luce, 2004) . ND was computed by counting the number of words in the dictionary that differed from the target by a one phoneme addition, deletion, or substitution. Phonotactic probability and neighborhood density were computed for stimuli and were categorized as high or low on the basis of a median split (using procedures similar to those of Storkel et al., 2006) . Real word stimuli were created using the MRC Psycholinguistic Database (Coltheart, 1981) to determine written frequency, imageability, age of acquisition, syllable number, syllable complexity, and semantic category. Photographic color pictures representing the real word stimuli were used (see T2 Table 2 for the list of stimuli).
Outcome Measure Administration
Three certified research SLPs (first three authors of this article) and a research assistant (graduate student in speech-language pathology) were trained in the testing protocol that was used for the administration of all outcome measures. Measures were administered on 3 consecutive days immediately prior to the beginning of treatment, on 3 consecutive days immediately after treatment completion, and on 3 consecutive days 3 months following treatment completion. Outcome measure values for each 3-day test sequence were averaged to reduce the effects of test-retest variability on statistical analysis of outcomes. The mean performance for the three time points was used in the statistical analysis.
Outcome Measure Description
The primary outcome measure of this study was accuracy of confrontation naming of "untrained" nouns at 3 months. The stimuli used in this outcome measure have been described in the Treatment Stimuli section.
The secondary outcome measures assessed acquisition, generalization, maintenance, and indicators of quality of life. In order to determine treatment acquisition effects, accuracy data were collected from repetition of trained nonword stimuli and confrontation naming of trained nouns (described in the Treatment Stimuli section). Generalization of treatment effects to phonologic processing abilities was assessed using the SAPA and repetition of untrained nonwords (described in the Treatment Stimuli section).
The SAPA was created as a tool to identify PWA with poor performance on phonologic tasks (relative to other aphasic individuals) who might be potential candidates for phonologic treatment. The tool was also intended to be used to measure severity of a phonologic processing impairment as well as to capture any improvement in phonologic processing as a result of treatment. Item response theory (IRT) informed the development of the SAPA. IRT statistics have been computed in 47 PWA to evaluate psychometric properties of interest. The test demonstrates acceptable construct validity, sensitivity, and test-retest reliability (see Kendall et al., 2010, for details) . Continued IRT data analysis for 100 PWA is currently underway.
Finally, in order to determine whether treatment generalized to indicators of quality of life, data were collected using the participant-rated Stroke and Aphasia Quality of Life scale (SAQOL; Hilari & Byng, 2001 ; communication items only) and the caregiver-rated Functional Outcomes Questionnaire (FOQ; Glueckauf et al., 2003) .
Outcome Measure Analysis
Outcome measures were scored online at the time of testing. In addition, verbal responses on most of the outcome measures (except the SAPA, SAQOL, and FOQ) were digitally recorded for subsequent reliability analysis. For the real word confrontation naming data, accuracy was determined at a whole word level and scored as correct or incorrect. Incorrect responses included phonologic and semantic substitutions, additions and deletions, neologisms, and nonresponses. For the nonword repetition data, accuracy was determined at a word level as each word was scored as correct or incorrect. Incorrect responses included phonologic errors (substitutions, omissions, transpositions, anticipations) and nonresponses.
Statistical Analysis
Change scores for the primary and secondary outcome measures administered before treatment, immediately posttreatment, and 3 months posttreatment were analyzed using Student's paired t-tests; p values were not corrected for multiple comparisons because this study had a single primary outcome measure, and the purpose of all other outcome measures was to elucidate the effects of the therapy. ESs were calculated as mean change/SD baseline and interpreted using the 0.2, 0.5, and 0.8 (small, medium, large) benchmarks of Cohen (1998) . ESs were calculated for each of the outcome measures and are displayed in T3   Table 3 .
Reliability
Point-to-point reliability was performed on 33% of the total corpus of confrontation real word naming and nonword repetition outcome measures. Interclass correlations demonstrated intrarater reliability of .962 (nonword repetition) and .992 (confrontation naming) and interrater reliability of .989 (nonword repetition) and .989 (confrontation naming).
Results
Compliance of therapy completed by participants was 100%. All participants received exactly 60 hr of treatment in the course of 6 weeks (2 hr/day, 5 days/week). In the delayed group, no significant difference in accuracy of confrontation naming of nouns for the immediate (pretreatment performance) compared with delayed (postdelay phase performance) group was found ( p = .726 trained stimuli, p = .657 untrained stimuli). Therefore, data for all outcome measures for both groups were combined for analysis and interpretation. Specifically, the delayed group performance during confrontation naming of trained stimuli was 65.20 (SD = 15.93) at the predelay phase and 65.20 (SD = 24.02) postdelay ( p = .726). The delayed group confrontation naming performance of untrained stimuli at the predelay phase was 66.91 (SD = 18.27) and 65.52 (SD = 23.50) postdelay ( p = .657).
An overview of the results is provided here, and details are outlined in the Primary Outcome Results, Secondary Outcome Results, and Standardized Assessment sections.
Essentially, treatment was associated with a statistically significant gain in the primary outcome measure (untrained real word naming at 3 months posttreatment; see Table 3 T4 and F3 Figure 3 ). ES for retention of trained items at 3 months (trained confrontation naming and nonword repetition) fell in the medium to large range. ES for gains in measures of generalization fell into the small to medium range. ES for gains in a standard measure of language function (WAB) was small, and measures of ecologic validity fell in the small to medium range. Individual performance reveals considerable heterogeneity of response (see F4 Figure 4 and Table 4 ). Approximately 50% of our participants demonstrated evidence of a response to treatment (an absolute gain of ≥3% in untrained real words named), and approximately 33% demonstrated a substantial gain (≥7% absolute gain in untrained real words named). 
Primary Outcome Results
The primary outcome measure for this study was confrontation naming of untrained nouns at 3 months posttreatment termination. Group pretreatment naming accuracy was 65.52% (SD = 23.50) and 3 months posttreatment termination was 70.80% (SD = 23.88), indicating a 5.28% absolute increase in performance ( p = .002) with an ES of 0.22.
Secondary Outcome Results
Acquisition
Trained nonword repetition pretreatment naming accuracy was 71.55% (SD = 20.91). Immediately posttreatment, accuracy was 88.23% (SD = 10.10), indicating a 16.67% (SD = 14.03) absolute increase ( p = .000).
Confrontation naming of trained nouns pretreatment was 65.20% (SD = 24.02). Immediately posttreatment, accuracy was 83.37% (SD = 16.59), indicating an 18.16% absolute increase ( p = .000).
Generalization
Phonologic processing. SAPA pretreatment accuracy was 98.7/151 (SD = 25.67). Immediately posttreatment, it was 108.3/151 (SD = 21.92), indicating a 9.53% (SD = 9.91) absolute increase ( p = .000).
Untrained nonword repetition pretreatment accuracy was 72.80% (SD = 23.07). Immediately posttreatment, it was 83.54% (SD = 15.57), indicating a 10.74% (SD = 11.49) absolute increase ( p = .000).
Lexical semantic processing. Untrained real word confrontation naming accuracy pretreatment was 65.52% (SD = 23.50). Immediately posttreatment, it was 70.79% (SD = 22.91), indicating a 5.27% (SD = 8.09) absolute increase ( p = .003).
Ecologic validity. FOQ pretreatment performance for 25/26 individuals was 4.08 (SD = 0.606). Immediately posttreatment (24/26 individuals), it was 4.31 (SD = 0.477), indicating an absolute increase of 0.23 (SD = 0.47; p = .23). SAQOL pretreatment performance was 3.34 (SD = 0.71). Immediately posttreatment, it was 3.67 (SD = 0.871), indicating an absolute increase of 0.33 (SD = 0.68; p = .021).
Maintenance
Trained nonword repetition ability at 3 months posttreatment was 85.29% (SD = 12.16), indicating a 13.74% absolute increase from pretreatment ( p = .000). Trained real word confrontation naming at 3 months was 78.38% (SD = 22.91), indicating a 13.17% absolute increase from pretreatment ( p = .000). SAPA score at 3 months was 107.6/151 (SD = 23.62), indicating an 8.96% absolute increase from pretreatment ( p = .000). Untrained nonword repetition at 3 months was 82.62% (SD = 16.67), indicating a 9.83% absolute increase from pretreatment ( p = .000). FOQ score at 3 months for 21/26 individuals was 4.30 (SD = 0.572), indicating an absolute increase of 0.22 from pretreatment ( p = .069). The SAQOL score 3 months posttreatment performance was 3.68 (SD = 0.710), indicating an absolute increase of .34 from pretreatment ( p = .030).
Standardized Assessment
WAB-AQ pretreatment was 78.6/100 (SD = 16.53), immediately posttreatment it was 82.65/100 (SD = 12.58; 4.05% absolute change, p = .002), and 3 months posttreatment it was 82.14/100 (SD = 13.01; 3.54% absolute change, p = .000). BNT pretreatment performance was 34.34/60 (SD = 18.11), immediately posttreatment it was 37.61/60 (SD = 16.17; 3.27% absolute change, p = .013), and 3 months posttreatment it was 37.46/60 (SD = 17.08; 3.12% absolute change, p = .029).
Discussion
The objective of this investigation was to test a further refinement of our phonomotor treatment protocol in a group of 26 PWA who exhibited anomia associated with chronic aphasia due to a single left hemisphere stroke. We sought to determine whether intensively delivered treatment aimed at individual phonemes and phoneme sequences comprising real and nonword stimuli of low phonotactic probabilities and high neighborhood densities would have an advantageous effect on naming abilities. The overarching objective of this study was generalization to words not trained in therapy at 3 months posttreatment termination, thereby testing retention rather than acquisition.
Our results show that confrontation naming of untrained nouns 3 months after completion of treatment was significantly better than before treatment. There was also significant improvement in measures of phonologic generalization and on performance with trained items that was sustained at 3 months, as well as gains on measures of ecologic validity (although the effect sizes for these latter measures fell in the small range).
These results suggest that diminished engagement and processing of phoneme and phonologic sequence knowledge contribute significantly to anomia in participants with aphasia due to stroke and that intensive, multimodal, remediation of phonology does indeed improve word retrieval. However, the heterogeneity of response on the primary outcome measure (see Figure 4 ) suggests that future implementation of this therapy could be better targeted, provided reliable predictors of response can be identified. It may be that damage to the substrate for semantic processes, or to the links between lexical/semantics and the perisylvian substrate for phonologic knowledge (the neural basis for the phonologic lexicons; Roth et al., 2006) , was the predominant contributor to anomia in the nonresponders. A study of predictors of response is in progress.
The present iteration of our treatment incorporates efforts to improve efficiency by utilizing real and nonword training corpuses of items of low phonotactic probability and high phonologic neighborhood density and by reducing treatment hours. The results of the present study suggest that these changes introduced to increase efficiency were successful.
Implications for PDP Theories of Language
The success of this trial, although modest, provides implicit support for the PDP theory that motivated its development (Nadeau, 2001; Roth et al., 2006) . The principal source of scientific appeal of the PDP approach is that it is neurally plausible: Symbolic entities and behavioral processes are defined by population-encoded (distributed) representations (as in the brain); the knowledge is in the connections (synapses in the brain); and output is defined by the settling of the activity function of large ensembles of units into quasioptimal states (Nadeau, 2012) . As we have seen here, PDP conceptualizations of language function are perfectly compatible with information processing models. PDP models have proven remarkably capable of precisely recapitulating language function in typical participants and participants with brain damage. Most important for our study, it was the PDP-inspired recognition of the substantial orthogonality of semantic and phonologic representations-hence, a substantial absence of regularities encoded in neural connections between substrates for semantics and phonology that might be further developed through treatment-that led us to take a fundamentally different approach to treatment of anomia in aphasia. Finally, this study adds to the growing body of studies that demonstrate that PDP conceptualizations have important implications for aphasia treatment (e.g., Edmonds & Babb, 2011; Plaut, 1996; Thompson et al., 2003; see Nadeau, 2012 , for further detail).
Comparison With Prior Studies
There is very little basis for direct comparison of this study with prior investigations. In the Wisenburn and Mahoney (2009) meta-analysis, only one of the phonologic therapies assessed generalization beyond completion of therapy, and in that study (Fillingham, Sage, & Lambon Ralph, 2005) , participants were tested 1 week after completion of therapy; there was no evidence of generalization. Two studies, involving a total of five participants, both using a verb-centered treatment, reported generalization to unexposed exemplars 3 months after completion of treatment (Bastiaanse, Hurkmans, & Links, 2006; Edwards & Tucker, 2006) . The validity of a comparison of the results of a study like ours, involving 26 participants, with small case series, is uncertain. The relative roles of phonologic and semantic therapies, and verb-centered therapy in particular, remain to be determined. The two classes of therapy are not directly comparable, and it is quite possible that many patients with aphasia would benefit from both.
Limitations and Future Directions
The principal limitation of this study is that it was an open trial. The staggered treatment helped to control for any improvement not related to treatment and for the effects of repeated exposure to outcome measures. However, this design feature cannot substitute for a randomized, controlled parallel group design comparing our treatment against an equal dose of customary and usual therapy. Many of our patients might benefit from a combination of phonologic and semantic therapies, and it is possible that many of the participants in this study, most particularly the nonresponders, might have responded to a broadly generalizing semantic therapy, for example, that of Edmonds et al. (2009 Edmonds et al. ( , 2011 . Finally, it is possible that the major contributor to nonresponse was extensive damage to the white matter connectivity between substrates for semantics and phonology-a problem not susceptible to a generalizing treatment, as discussed in the introduction. An analysis of responders and nonresponders is underway. Administration of the large dose of therapy used here would be a challenge in the current health care reimbursement climate. Thus, future trials of treatment using lower dosing are planned. Improving lexical access on naming batteries is not the same as improving lexical access in conversation. To address this issue, discourse data have been collected and are being analyzed. While the evidence of retention of gains documented in this study at 3 months posttreatment is gratifying, evidence of longer-term retention is in order. We plan to report the performance of all of our participants at 1-year posttreatment. Finally, it is possible that long-term retention of gains would have been greater had treatment been distributed over a greater period of time (e.g., 3 hr/week over 20 weeks). Studies conducted over the past 125 years have repeatedly demonstrated, with few exceptions, that long-term retention is enhanced with more distributed treatment-the so-called spacing effect . This study will be conducted in future iterations of this program.
Our study made use of brain imaging (computed tomographs, magnetic resonance images) obtained in the course of clinical care to confirm the presence of lesions and their location in the general vicinity of the dominant Sylvian fissure. Thus, these lesions consistently damaged the perisylvian substrate for phonologic sequence knowledge; connections to it from substrates for semantics, which support lexical representations; and, to varying degree, association cortices encoding semantic knowledge. We did not quantitatively assess the extent of lesions. Methods for achieving such quantitative assessments suffer from serious and unresolved methodologic limitations, most particularly those deriving from the fact that representations are population encoded (Georgopoulos, Kalaska, Caminiti, & Massey, 1982) and, therefore, geographically distributed. It is not clear how lesion analysis would have informed this study.
Conclusion
The results of this open trial of intensive phonologic therapy in 26 participants with chronic poststroke aphasia with anomia provide evidence of generalization of training effects to untrained words and nonwords that was sustained at 3 months and may be clinically significant, at least in treatment responders. These results provide support for the PDP-derived theory that motivated the treatment.
